associated with a trend for increased risk of pregnancy loss or preterm (<37 weeks) birth (adjusted hazard ratio: 1.77; 95% CI: 0.94-3.33). Conclusion: A low rate of triglyceride change during early pregnancy may be a signal of risk of pregnancy loss or preterm birth. Lipids offer promise for identifying pregnancies at risk for adverse outcomes.
Introduction
During pregnancy, maternal lipids are important both for steroidogenesis for the mother, placenta and fetus, as well as for fetal growth [1] . A U-shaped distribution has been reported for prepregnancy serum lipids and shorter gestational length, although most evidence stems from cross-sectional research [2] . The reasons for an association between increased lipids and preterm birth are unclear but may reflect an individual's predisposition to develop features of metabolic syndrome, including elevated triglycerides, lower high-density lipoprotein cholesterol and hyperglycemia [3] . Metabolic syndrome is a disorder marked by increased inflammation, a reported pathway for the preterm birth [4] . Dyslipidemia also has been sug-gested to be one pathway that explains why women at risk for pregnancy complications such as preterm birth are also at risk for developing cardiovascular disease later in life [5] [6] [7] . While intriguing, this finding does not explain the association between lower lipids and preterm birth. Perhaps without sufficient lipid substrates, placentation is affected, leading to adverse pregnancy outcomes. Thus, low lipid levels may also be a marker for poor maternal health.
The rate of lipid change may also be important for pregnancy outcomes, though the available literature relies upon measurements across pregnancy without taking preconception concentration into account. In one study, a slower rise in triglyceride concentrations in the first half of pregnancy was associated with an increased risk for preterm (<34 weeks) birth [8] . Assessing the rate of change in serum lipids across pregnancy may in part be a function of preconception serum lipids allowing for differing pathways, such that a slower rise in lipids may be indicative of a poor adaptation to pregnancy (i.e. abnormal placentation), placing a woman at risk for adverse pregnancy outcomes such as preterm birth. Similar to the association of elevated preconception lipids with preterm birth, elevated cholesterol or triglycerides early in pregnancy have also been found to be associated with a 2-to 3-fold increased risk of spontaneous preterm birth [8, 9] . These associations may simply reflect baseline lipid concentrations prior to pregnancy [10] , but critical data gaps remain, since, to our knowledge, no previous studies have examined the trajectory of lipids from preconception through pregnancy to delivery in relation to gestational length. Such information may be important for assessing prenatal risk, and it served as the impetus of study. Using data from a prospective pregnancy cohort with preconception enrollment, our aim was to investigate whether an impaired lipid response from preconception to early gestation would be associated with pregnancy loss or preterm delivery.
Subjects and Methods

Study Design and Population
We performed an analysis utilizing a subset of women from the NYSACS (New York State Angler Cohort Study) to assess serum lipids and gestation [11] . The NYSACS randomly recruited licensed anglers, aged 18-40 years from 16 counties along Lakes Erie and Ontario. There were 2,637 women in the study who had indicated possible interest in becoming pregnant in 1995-1996. In 1996-1997, letters were mailed to these women and 1,031 of them could be reached for screening by phone after multiple attempts. There were 244 women with no history of physician-diagnosed infertility and who were planning a pregnancy in the next 6 months. Of these eligible women, 113 were recruited upon discontinuing contraception and followed daily for up to 12 menstrual cycles at risk for pregnancy for a study investigating serum polychlorinated biphenyl concentrations across critical windows of human development [12] . Forty-three women were excluded from the present analysis for various reasons: 14 women were already pregnant, 20 women had incomplete data for establishing pregnancy and gestation history because they withdrew from the study, and 9 women had insufficient serum for lipid quantification. The final cohort comprised 70 women.
Data Collection
The women underwent an interview prior to conception and completed a daily diary on menstruation, intercourse and pregnancy test results to permit estimation of the timing of conception. They utilized home pregnancy tests on the day of expected menstruation and approximately 1 week later, according to the manufacturer's guidance for determining pregnancy status. Gestational age was thus based on the last menstrual period with human chorionic gonadotropin confirmation. Nonfasting blood specimens were collected before conception, at human chorionic gonadotropin-confirmed pregnancy (pregnancy), after a pregnancy loss or 12 months later in case of no pregnancy. At each time, serum was analyzed for total cholesterol, free cholesterol, triglycerides and phospholipids. All blood samples were kept on ice and transported to the laboratory within 24 h. Total cholesterol, free cholesterol, triglycerides and phospholipids were quantified using enzymatic methods and expressed in milligrams per deciliter. Total serum lipids were calculated using the modified Phillips formula: total serum lipids = (2.27 + total cholesterol) + triglycerides + 62.3 mg/ dl, assuming free cholesterol was 27% of the total [13, 14] .
Statistical Analysis
Descriptive analysis included assessing data completeness, inspecting lipid distributions for informative values or outliers, and a comparison of the study population by pregnancy outcome to help inform model specification. Significance was assessed using Fischer's exact test or ANOVA depending on the type of variable. Total serum lipids and the individual lipid components were quantified by the timing of the sample and stratified by pregnancy outcome (i.e. birth, loss or no observed pregnancy). In the inferential stage of our analysis, we first used the fetus-at-risk model [15] to assess the association between the estimated rate of change in individual or total serum lipid measurements and timing of birth as measured by estimated postconception gestational age (in weeks). This model compares remaining fetuses at a given gestational age as the comparison group rather than live births. In addition, the fetus-at-risk model treats gestational age as a survival time instead of arbitrary definitions for pregnancy loss or preterm delivery. Specifically, we modeled the incidence of birth using a Cox proportional hazards model [16] , where each birth or loss is compared with all fetuses alive at that specific gestational age. This approach is in keeping with the survival nature of pregnancy, and avoids erroneous comparisons of losses with births irrespective of the gestational age for each. Regression coefficients were used to estimate hazard ratios (HR), where an HR >1 indicates an increased risk of shorter gestation (pregnancy loss or preterm birth), whereas an HR <1 indicates a decreased risk of shorter gestation (i.e. longer gestation and decreased risk of pregnancy loss or preterm birth).
8
To quantify the change in either an individual lipid component or total serum lipids as a function of a woman's baseline, we estimated the daily rate of change in lipids by the following formula:
Pregnancy lipid measurement mg/dl preconception lipid measurement mg/dl . Days of pregnancy Lipids were evaluated in both their continuous (milligrams per deciliter) and categorical (above and below the median) form. The preconception lipid concentration and daily rate of change were modeled separately. We ultimately decided to use daily rate of lipid change above and below the median, with above the median as the referent group in the final models. Other covariates in the model included: maternal prepregnancy body mass index (BMI) and cigarette smoking while attempting pregnancy (yes or no). Crude and adjusted HR (HR and AHR) are accompanied by 95% CI for assessing significance.
Traditional multinomial regression models also were performed to investigate the association between daily rate of changes in lipids (total serum and individual lipid components) with preterm (<37 weeks) birth or pregnancy loss (<14 weeks of gestation) compared with birth at term ( ≥ 37 weeks), adjusting for the same confounders. Crude and adjusted odds ratios (OR and AOR) were calculated. We assessed the linear and nonlinear (i.e. U-shaped) associations between preconception total and individual lipids and pregnancy outcomes. Lastly, sensitivity analyses were performed that corrected for the timing (gestational age) of blood collection during pregnancy, given the observed negative daily rate of change in lipids in early pregnancy that became positive at approximately 8-10 weeks gestation. Instead of using the actual observed rate of change in the models, we used the woman's estimated rate of change at 8 weeks gestation.
For any missing individual lipid measurements (n = 31), an Expectation-Maximization multiple imputation algorithm was used [17] . Statistical analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, N.C., USA).
Results
Sixty-one women (87%) became pregnant, of which 43 women delivered at term ( ≥ 37 weeks gestation), 5 women delivered preterm (<37 weeks gestation), and 10 women experienced losses (<14 weeks of gestation). Nine women (13%) did not become pregnant. The mean interval, accompanied by its standard deviation (SD), between the preconception and calculated last menstrual period was 13.8 (SD: ±17.3) weeks, reflecting the varying time women required for becoming pregnant. The average gestational age at lipid sampling during pregnancy was 6.6 (SD: ±2.8) weeks for women who delivered at term, 5.5 (SD: ±1.0) weeks for women who delivered preterm, and 6.4 (SD: ±2.4) weeks for women with a pregnancy loss (p = 0.717), and post partum was 4.1 (SD: ±1.7) weeks after delivery.
The study cohort comprised mostly white married gravid women with a college education ( table 1 ) . Women who had a pregnancy were more likely to be multiparous (79% for term and 80% preterm) compared with women experiencing a pregnancy loss (62%) or without an observed pregnancy (22%; p = 0.006). In addition, women with a delivery at term were less likely to be smokers (21%) compared with women with a preterm birth (40%) or without an observed pregnancy (44%), while women with a pregnancy loss were nonsmokers (p = 0.034).
Preconception means and mean changes in total serum lipids and individual lipid components are presented by timing of blood collection and pregnancy outcome in table 2 . Women with a preterm birth had a 5-8 mg/dl higher preconception total cholesterol and 3-4 mg/dl higher free cholesterol compared with preconception total and free cholesterol for women with other pregnancy outcomes, although these differences were not statistically significant. Preconception triglycerides were highest in women with a pregnancy loss and lowest in women with a preterm birth. The mean change in serum lipids from preconception to early pregnancy ≤ 8 weeks of gestation was decreased. The mean lipid change between preconception and subsequent measurement in pregnancy, or 12 months later if no preg- Values denote means ± SD unless specified otherwise. Prenatal change refers to the difference between prenatal lipid concentration and preconception lipid concentration. For example, the mean change for total serum lipids at ≤8 weeks included only the women with a prenatal sample ≤8 weeks compared with the preconception sample in those women. Postnatal change refers to the difference between postnatal and prenatal lipid concentration. The following are significantly different between preconception and ≤ 8 weeks (p < 0.05 for two-sample t test): total serum lipids (term), total cholesterol (term) and free cholesterol (term). 1 If no pregnancy, then sampled after 12 months.
nancy, is presented by lipid component and pregnancy outcome in online figure 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000355100). Preconception triglycerides were highest in women with a pregnancy loss, but the mean decrease in pregnancy was marked compared with women who had a delivery at term or preterm. Preconception triglycerides were lowest in women with a preterm birth, and the mean change during pregnancy was flat compared with an increase in triglycerides observed in women who delivered at term. Preconception total cholesterol was highest in women with a preterm birth, with a mean change similar to pregnancies delivering at term. On average, women not achieving pregnancy experienced an increase in total lipids compared with women who achieved pregnancy. Using regression techniques, preconception total and individual lipid components were not associated with length of gestation, or with risk of pregnancy loss or preterm birth. Women whose triglyceride concentrations were consistent with a negative daily rate of change from preconception to the prenatal measurement below the median (-3.07 to -0.01 mg/dl per day) had a nonsignificant 1.8-fold increased risk of pregnancy loss or earlier birth (AHR: 1.77; 95% CI: 0.94-3.33; table 3 ). In the traditional models, the rate of change for triglycerides below the median versus above the median was associated with an increased risk for pregnancy loss compared with term birth (AOR: 9.02; 95% CI: 1.62-50.30; table 4 ). There were no other associations between individual lipid components and pregnancy outcomes when evaluating by the median ( tables 3 , 4 ) .
More of the women who delivered at term were sampled at a later gestational age, while women who had a pregnancy loss were sampled earlier. Given the observed negative daily rate of change in lipids in early pregnancy that became positive at approximately 8-10 weeks of gestation, sensitivity analyses were performed that corrected for the timing (gestational age) of blood collection during pregnancy. The relation between triglycerides and length of gestation was in the same direction, but no longer significant (AHR: 1.29; 95% CI: 0.71-2.35). Similarly, the odds of pregnancy loss when comparing changes in serum triglycerides below the median rate of change with those above remained elevated, but the CI included 1 (AOR: 3.75; 95% CI: 0.83-17.01). Regression coefficients for the rate of change in relation to gestational age as stratified by pregnancy outcome did not reveal any differences for triglycerides and most of the other measures.
Discussion
In women with early sampling, serum lipids initially decreased on average during early pregnancy compared with women with later sampling, where serum lipids started to increase on average above preconception levels around 10 weeks of gestation, except for triglycerides, which started to rise earlier around 7-8 weeks of gestation, with disproportionate rates depending on pregnancy outcome. The rate of change in triglycerides from preconception to early in pregnancy was different for women with a shorter length of gestation compared with women who delivered at term. Specifically, compared with an increase in the rate of triglyceride change observed in women who delivered at term, there was a decrease in the rate of triglyceride change in women with a pregnancy loss, and no change in women with a preterm birth. Though the numbers were small, preconception mean triglyceride levels were higher in women with a pregnancy loss at <14 weeks of gestation, and lower in women with a preterm birth at <37 weeks of gestation, compared with women with a term birth at ≥ 37 weeks of gestation, and preconception total and free cholesterol were slightly higher in women with a preterm birth compared with other preg- Values in parentheses denote 95% CI. Daily rate of lipid change is calculated as (pregnancy measurement -preconception measurement)/days of pregnancy.
1 Adjusted for maternal BMI and cigarette smoking (yes/no).
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Gynecol Obstet Invest 2014;77:6-13 DOI: 10.1159/000355100 11 nancy outcomes. These findings highlight the fact that it likely is important to take into consideration the trajectory of change in relation to preconception concentrations when investigating the relation between maternal serum lipids and pregnancy outcomes. Interpreting our findings in the context of the past literature is not straightforward, as our research is the first to utilize a prospective cohort design with the added strength of preconception recruitment, allowing for a preconception lipid profile. Still, our findings of a different rate of change in triglycerides being associated with an increased risk of pregnancy loss (decrease) or preterm birth (no change) are consistent with what has previously been reported, where a flatter rise in triglycerides was reported between early and midgestation in women with a preterm birth prior to 34 weeks of gestation [8] . Shorter gestation was primarily explained by pregnancy loss in our study, but the small cohort size restricted our ability to assess the association with preterm birth, since only 5 women delivered prior to 37 weeks gestation.
Prior studies without information on preconception lipids have also found associations between both lower and higher cholesterol in the first half of gestation and preterm birth, but it is unknown whether these findings were due to differences in preconception or changes during pregnancy [8, 9] . Our finding that preconception total and free cholesterol were, on average, higher in women who delivered preterm is consistent with a preconception cohort study by Catov et al. [2] where cholesterol in the highest quartile (>195 mg/dl) was associated with a 3.8-fold increased risk of preterm birth prior to 34 weeks of gestation (95% CI: 1.07-7.57). That study also found an increased risk of preterm birth between 34 and 37 weeks with preconception cholesterol in the lowest quartile (OR: 1.86; 95% CI: 1.10-3.15). Our study did not find this relation, and there was no statistically significant relation between any preconception lipids and preterm birth. These discrepant findings might be explained by a lack of power in our study, or perhaps may indicate that it is not important so much where a woman starts but how lipid components change with pregnancy. The increase in lipids 12 months apart in women with no observable pregnancy was unexpected and warrants further investigation.
The only other preconception study by Magnussen et al. [18] in 2011 found that a more unfavorable cardiovascular profile, including high triglycerides, cholesterol, glucose and low high-density lipoprotein cholesterol, was associated with preterm birth and a shorter length of gestation. Perhaps such women have a poor adaptation to pregnancy manifested by a slower rise in lipids, in particular triglycerides. This interpretation is supported by the fact that atherogenic lipids are associated with inflammation, and excessive inflammation in the first trimester marked by an increased plasma C-reactive protein of ≥ 8 mg/l was shown to be associated with a 2.6-fold increased risk of preterm delivery [19] . The reason that the signal is for triglycerides and not for other lipid components is unclear, but it may be explained by the differences in rates of change in the individual lipid components. Triglycerides increase approximately 3-fold during pregnancy from nonpregnant controls, compared with only a 0.5-fold increase for cholesterol, and they also start to change earlier in pregnancy than other lipid components, so the rate of triglyceride change might be the easiest signal to detect [10] . A larger cohort with a longitudinal analysis of fasting lipids from preconception to postpartum phases is needed to further explore this hypothesis. Our study is limited by the fact that women who had a pregnancy loss were sampled after a loss was recognized in all but one woman. If a different timing of attainment explained all of our findings, one would expect that more lipid components would have an abnormal rise, not just one lipid component (triglycerides). The variation in timing of pregnancy sampling can also be considered informative to have ensured adequate representation of different gestational ages, since the critical time points for sampling lipids were unknown. Sensitivity analyses to correct for gestational age of sampling were reassuring, since the findings were in the same direction. Our findings are further corroborated by those from prior studies without preconception lipids that observed a flat rise in triglycerides in the first half of pregnancy being associated with a shorter length of gestation [8] . Lipid values were nonfasting, since samples were originally collected for biochemical analyses. However, it is unlikely that the differences between pregnancy outcomes could be explained by different eating patterns, and past research has also relied upon nonfasting lipids [18] . Further, women with a pregnancy loss may have less nausea and vomiting, allowing for higher food intake and, possibly, serum lipids. Nonfasting lipids may introduce error or precision of the estimates but not bias.
The major strength of our study was the ability to study the rate of lipid changes in relation to preconception concentrations. While the number of women was small in our study, it is comparable with the original comprehensive study of longitudinal assessment of lipids in pregnancy (n = 43) where gestational age at serum lipid attainment also varied between women [10] . Selection bias remains a consideration. However, there was no empirical evidence to support the assumption that lipid profiles varied by selection into the study or retention. Women were not aware of their serum lipid levels. Women who stated that they had not completed their families were recruited from the overall cohort. As a result, the eligible number of women was small (244 out of 30,000 questionnaires mailed in the original study, or 0.8%). Still, this finding along with the 39% reached for screening (1,031 out of 2,637 women in the original study who had indicated possible interest in becoming pregnant) was consistent with that estimated for the population level. Specifically, <1% of women/couples of reproductive age were planning to become pregnant at any point in time, and 42% of eligible couples were successfully screened in another recent preconception study [20] . While prospective pregnancy studies are challenging, our results demonstrate they are feasible and provide a key window to pregnancy adaptation that is critical to healthy gestation. Our findings are consistent with earlier findings that a slow rate of change for triglycerides may be an early signal of pregnancy loss or earlier delivery.
In a prospective cohort of women planning a pregnancy within the following 6 months with longitudinal sampling, a slow rate of triglyceride change was associated with a shorter gestation. Women with a pregnancy loss or preterm birth had higher preconception triglycerides and cholesterol, respectively, which is consistent with a more atherogenic lipid profile. Our preliminary findings are exciting and raise the question of whether improving the lipid profile prior to achieving pregnancy improves pregnancy success. Given the current obesity epidemic with more women likely to have an atherogenic lipid profile prior to pregnancy, purposeful investigation may determine a relevancy of serum lipids in predicting adverse pregnancy outcomes. Serum lipids may offer promise for identifying pregnancies at risk for adverse outcomes, and hold potential for future targets of intervention.
